The honeycomb-lattice ruthenate Li2RuO3 is made heavily Li-deficient by chemical oxidation by iodine. The delithiation triggers a different phase Li2−xRuO3, the "D-phase", with superlattice. For the first time we disclose the magnetic and structural properties of the D-phase in the dimersolid state. The low temperature magnetic susceptibility and the bond lengths indicate a bonding configuration consisting of both Ru 4+ -Ru 4+ and Ru 5+ -Ru 5+ dimers.
I. INTRODUCTION
Honeycomb-lattice iridates of the type A 2 IrO 3 (A=Li, Na) with the effective angular momentum J eff = 1/2 due to strong spin-orbit coupling have been under active active experimental investigation [1, 2] mainly because of their interesting properties associated with predicted topologically non-trivial states, including the Kitaev spin-liquid state [3, 4] . What is more, topological superconductivity has been proposed based on the KitaevHeisenberg model with the spin S = 1/2 emerging with hole doping [5] [6] [7] [8] .
Another interesting compound with the honeycomb structure is Li 2 RuO 3 . One of the differences from A 2 IrO 3 is that Li 2 RuO 3 has nominally S = 1, as expected for the low-spin state of Ru 4+ (4d 4 ). Interestingly, Li 2 RuO 3 exhibits dimerization of Ru-Ru ions at T d ≈ 540 K, accompanied by a sharp decrease of magnetization below T d [9] . More recently, it is found that the disorder in the Ru-Ru dimer configuration sensitively affects the magnetic behavior [10] . In addition, the dimer transition has been revealed to be of the first-order type [11] , especially in samples with more coherent dimer configuratuion with T d ≈ 550 K, [10] .
It has been also demonstrated that the dimer transition is not an ordinary Peierls transition. In a recent study based on a combination of high-energy X-ray diffraction (XRD), pair distribution function (PDF) analysis, and density functional theory (DFT) calculations, it has been found that the dimers dynamically survives even above T d [12] . Thus, the transition can be regarded as the change from a static "dimer-solid" state at low temperatures to a dynamic "dimer-liquid" state above T d [12] .
The potential utility of Li 2 RuO 3 as a material for batteries has motivated investigation on its electrochemical properties as well [13] . The delithiated series Li 2−x RuO 3 has been synthesized from Li 2 RuO 3 by electrochemical deintercalation of lithium [14] [15] [16] and by chemical oxidation by I 2 [17] . Moreover, it has been revealed that a part of Ru 4+ changes to Ru 5+ by delithiation based on a sequence of experiments [18] [19] [20] .
However, concerning the physical properties of Li 2−x RuO 3 , only magnetization has been reported in the limited temperature range between 83 and 293 K [17] . In particular, the relation between the dimer transition and delithiation has not been reported. The effect of Li deficiency on the dimer transition is of primary interest for the following reasons. Firstly, the hole doping by delithiation could lead to the spin S = 1/2 state and thus to various topological phases including exotic superconductivity. Secondly, the dimer formation may be substantially changed by Li deficiency or hole doping, leading to a possible new dimer state related to dimer-solid and dimer-liquid states.
In this work, we report properties of heavily delithiated Li 2−x RuO 3 obtained by chemical oxidation. We confirm a crystallographic phase distinct from the pristine phase. This phase, emerging by heavy delithiation, shall be called the "D-phase". We compare structural and magnetic properties of the D-phase with those of the stoichiometric "S-phase". In particular, we find in the Dphase a new dimer-solid state with a different electronic configuration from that in the S-phase.
II. EXPERIMENT
Pristine Li 2 RuO 3 samples were prepared from Li 2 CO 3 (Aldrich, 99.997%) and RuO 2 (Rare metallic, 99.9%) by means of solid-state reaction. After the starting powders were dried, stoichiometric quantities were mixed and ground for 1 h in a conventional mortar. We added acetone to improve the homogeneity of the powder [10] . The powder was pelletized and heated at 1000 o C for 24 h in the first step. Next, the pellet was re-ground in acetone for 1 h, pelletized, and heated at 900 o C for 48 h followed by natural cooling. This choice of the synthesis proccedure is based on the previous study [10] . Purity, as well as the coherence of the dimer configuration were verified by XRD and magnetic susceptibility measurements as described below.
The delithiation was performed based on the reaction:
I 2 (Wako, 99.9%) was dissolved in acetonitrile (CH 3 CN) with the concentration of 0.3384 mol/L. After precise measurement of its mass, the powder of Li 2 RuO 3 was soaked in the iodine solution for 3 days at room temperature. Then the Li 2−x RuO 3 powder was washed with clean acetonitrile. Since XRD analysis indicated that stronger delithiation was necessary, after another measurement of the mass, the powder was soaked in a new solution of I 2 0.3683 mol/L for 18 h under stirring at 560 rpm. The containers were covered with aluminum foil in order to avoid the conversion of I − into I 2 triggered by light. The Li 2−x RuO 3 powder was taken out, and rinsed with clean acetonitrile until the color of the acetonitrile became completely transparent. A lessdelithiated sample of Li 2−x RuO 3 was prepared in a solution of I 2 0.18457 mol/L. In this case, a pellet of Li 2 RuO 3 was soaked for 3 days. We stored samples in vacuum although there is no noticeable decomposition at room temperature in air for both pristine and delithiaed samples.
In order to evaluate the value of x, the remaining quantity of I 2 in acetonitrile was measured through titration [21, 22] with a standard solution of Na 2 S 2 O 3 (Wako, 0.05 mol/L for volumetric analysis) at 19℃ based on the reaction:
The glassware used for the titration was calibrated at 19℃ with acetonitrile. The completion of this reaction is monitored by the color of starch added in the solution. We find that the total lithium extracted is x ≈ 0.73 and 0.34 for the two delithiated samples presented in this paper.
We also performed the inductively-coupled plasma optical emission spectroscopy (ICP-OES) analysis using a commercial apparatus (Seiko Instruments, SPS 6100). Quantitative evaluation of x by ICP-OES was not successful because Li 2−x RuO 3 cannot be dissolved completely into standard acids (such as HCl), due to production of insoluble RuO 2 in the acid.
The laboratory XRD measurements were carried out with a commercial diffractometer (Bruker, D8 Advance) using the CuKα radiation (λ = 1.54184Å, E = 8.041 keV) equipped with a one-dimensional array of detectors and a nickel monochromator. High-energy XRD measurements at room temperature were performed at the beam line ID22 of the European Synchrotron Radiation Facility (ESRF). X-ray beam of the energy 30.993 keV (λ = 0.40003Å) was used. Highenergy XRD measurements at various elevated temperatures were performed at the beam line ID11 at ESRF. A double Laue monochromator was used to select Xray of the energy of 87.5 keV (λ = 0.14169Å). The beam was focused to ca. 100 mm using refractive lenses. The scattered X-ray was detected using a CCD camera (FReLoN). Temperature control was achieved using a hot-air blower. Data were continuously collected upon heating to 723 K at 2.5 K/min, and upon cooling to room temperature at the same rate. Typical temperature resolution was 0.2 K/pattern. We find a noticeable difference between the actual sample temperature and the thermometer temperature. Thus, a lineal correction to the thermometer temperature was made, so that T d of Li 2 RuO 3 recorded in the XRD measurement matches with the T d of the magnetization measurements.
The magnetization measurements were performed using a commercial superconducting quantum interference device magnetometer (Quantum Design, MPMS). The magnetization at high temperatures (300 to 700 K) were measured using the oven option for MPMS. We used quartz tubes as sample holders for the high temperature measurements. The sample tubes were sealed with ceramic bond (Resbond, 907GF) in order to prevent any gas released from the sample to damage the inside of the oven sample space. We checked the thermometer calibration of the oven by measuring the ferromagnetic transition (T C = 627.2 K) of Ni (Rare metallic, 99.99%) at several fields [23] . The calibration error in T C of Ni is less than 0.2%. Measurements from 1.8 to 300 K were performed with the ordinary setup of MPMS in zerofield-cooled (ZFC) and field-cooled (FC) sequences.
III. RESULTS AND DISCUSSION
A. Structure [9] [10] [11] [12] 24] .
The delithiated samples exhibit patterns with substantial differences compared with the x = 0 sample as described below. The x ≈ 0.73 sample, exhibiting almost single-phase behavior, has the (h00) and (00l ) peaks shifted to lower angles and the (0k 0) peaks shifted to higher angles ( Fig.1(c) ), indicating increase in the values of a and c and decrease in the value of b [ Fig.6(c) ]. Nevertheless, the spectrum of this delithiathed sample can be well fitted also with the SG P 2 1 /m [Fig 2(b) ]. We designate the crystallographic phase observed in the x ≈ 0.73 sample as the D-phase. In addition to the main peaks associated with the D-phase, we can identify minor phases such as the S-phase Li 2 RuO 3 , RuO 2 , and yet another delithiated phase Li 2−x RuO 3 with x ≈ 1.1 (SG R3, No. 148) [14] .
For the sample with x ≈ 0.34, we find that the XRD peaks such as (001) and (020) 
• , and 4.5 • < 2θ < 6.5
• , respectively. The peak indices of the stoichiometric Li2RuO3 are shown in (c) based on the room-temperature crystal structure reported by Miura et al. [9] . The (101) peak is characteristic of the dimer-solid state [9, 12] .
change due to delithiation is not continuous: there are two crystallographically distinct phases with x = 0 and x > 0 and they coexist in similar ratio in the x ≈ 0.34 sample.
In addition to the shifts in the main peaks, three small peaks but sharp peaks are observed in the delithiated samples at 2θ = 3.140
• , 3.714
• , and 4.017
.18, and 5.71Å, Fig.1(b) ], indicating the presence of a superlattice structure. Although these small peaks have not been reported in pristine or delithiated Li 2 RuO 3 , a superlattice in Li 2−x Ru 1−y M y O 3 (M =Mn, Sn) has been recently found as additional spots in electron diffraction [18, 19] . In these studies, the structure has approximately been described with the SG C2/m (neglecting the presence of the superlattice and Ru-Ru dimers even for small values of y). It has been suggested that the origin of the superlattice is the distortion in the oxygen positions [18, 20] . Another possibility is an ordering of Ru va- Table I . The structure factor used in both cases is the one of Ru 4+ because the structure factors of Ru 5+ are not available in our software. The measurement time for x = 0.73 was approximately twice longer than that for x = 0. TABLE I. Cell parameters of Li2RuO3 (S-phase) and Li2−xRuO3 (x ≈ 0.73, D-phase) at room temperature obtained from laboratory XRD spectra. The space group used for both phases is P 21/m. lency (charge order) as we discuss latter. Since the SG in Li 2−x RuO 3 with the superlattice taken into account is not trivial, we hereafter consider the SG P 2 1 /m to evaluate the cell parameters and the Ru ion positions.
The cell parameters of the S and D-phases, obtained from the laboratory XRD data, are compared in Table I . The parameters a and b of Li 2−x RuO 3 are longer and shorter than those of Li 2 RuO 3 , respectively. Studies on Li 2 Ru 1−y Mn y O 3 revealed the same trend of change in a and b when lithium is deintercalated, although the structure of Li 2 Ru 1−y Mn y O 3 is described with the SG C2/m [19] . Furthermore, the relation √ 3a/b of Li 2−x RuO 3 is closer to the unity than that of Li 2 RuO 3 (Table I) . Thus, on average, the structure of Li 2−x RuO 3 seems to be more symmetric. Figure 3 compares the difference in the bond lengths between the S and D-phases. Reflecting the dimer-solid state in the S-phase, the dimer bond L 2 is ≈16% shorter than the long bonds L 1 and L 3 . In contrast, for the D-phase, the difference is only about 6%. In Sec. III C, we will discuss local structures in more detail. Figure 4 shows high-energy XRD patterns (E = 87.5 keV, λ = 0.14169Å) of the x ≈ 0.73 sample (dominated by the D-phase) at selected temperatures on heating (302 K to 694 K) and after subsequent cooling (333 K). While heating, the three superlattice peaks between 2θ = 1.1
• and 1.5
• disappear at ≈ 609 K. At the same temperature, a sudden increase in the RuO 2 peak intensity, for example the one at 2θ = 3.2
• , is observed. These facts indicate the decomposition of Li 2−x RuO 3 (x ≈ 0.73) into Li 2 RuO 3 and RuO 2 starting from this temperature (see Appendix A for details).
B. Magnetization Figure 5 shows the temperature dependence of the magnetic susceptibility of the x = 0 and x ≈ 0.73 samples. Diamagnetic contributions of ion cores have been subtracted [26] . The overall shapes of curves for these samples differ in several aspects. At low temperatures, both samples exhibit Curie-like behavior; the difference will be discussed later. Both samples exhibit a minimum of magnetic susceptibility but at different temperatures: ∼ 150 K for the sample with x = 0 and ∼ 200 K for the sample with x ≈ 0.73. With increasing temperature, the magnetic susceptibility of both samples increases toward the transition from dimer solid to dimer liquid. The change of the magnetic susceptibility in the pristine sample Li 2 RuO 3 is relatively gradual below ∼ 500 K, followed by a sharp jump characteristic of the first-order transition (Appendix B). In contrast, the sample with x ≈ 0.73 does not exhibit a gradual change below the transition but exhibits a clearer change in the slope of the M (T )/H curve 0 1 2 3 4 5 6 7 8 9 10 at T ≈ 539 K. Between this temperature and 609 K, no clear change in the averaged crystalline structure was observed and the superlattice peaks are maintained (inset of Fig. 4) . Thus, the change in the susceptibility seems to be mainly linked to changes in the electronic state, but not to chemical decomposition.
At 609 K, there is another change of slope in the M (T )/H curve (Fig. 5) . As already explained, the decomposition of Li 2−x RuO 3 into Li 2 RuO 3 begins at this temperature (see also Appendix A). Therefore, the slope change at 609 K is mainly due to the decomposition. Thus, in the warming run the susceptibility of the x ≈ 0.73 sample above 609 K represents the sum of those of evolving multiple phases. While warming above 658 K, there is a slight but sharp drop in the susceptibility of the x ≈ 0.73 sample (dominated by the S-phase at this temperature). Across this temperature, there is no noticeable anomaly in the XRD spectra. Thus, the sharp drop probably reflects a reorganization of lithium or oxygen induced by the vacancies of lithium in the initial Li 2−x RuO 3 .
The purple curve in Fig. 5 is obtained from the susceptibility in the cooling process of the x ≈ 0.73 sample after decomposition. Under this condition, the sample [26] . From 1.8 to 300 K, the magnetization was measured while warming up after ZFC. From 300 to 700 K the magnetization was measured in temperature up sweep, except for the purple curve which is for the molar susceptibility of Li2RuO3 contained in the x ≈ 0.73 sample on cooling from 700 K to 300 K (see text). Results of the Curie-Weiss fitting (χ = C/(T − Θ) + χ0) are also shown with broken curves. Colors of the curve for x ≈ 0.73 correspond to those in Fig. 4 . The raw data matches with the susceptibility shown by the red curve of the x ≈ 0.73 sample above T = 658 K. The molar susceptibility of Li 2 RuO 3 contained in the decomposed ≈ 0.73 sample was estimated by using Eq. A1 and the susceptibility of RuO 2 [27] . The result is shown by the purple curve in Fig. 5 , which indeed matches with that of the for the pristine Li 2 RuO 3 above ∼ 550 K. However, the molar susceptibility shown by the purple curve at room temperature is ∼ 18% larger than that of the pristine x = 0 sample. This is attributable to less conherent dimer configuration in Li 2 RuO 3 after decomposition of Li 2−x RuO 3 [10] . We performed a Curie-Weiss fitting to the susceptibility at low temperatures. The fitting temperature ranges (shown in Table II) are chosen so that the positive slope in M (T )/H associated with the dimer transition at T d does not affect the fittings. Results of the fitting with the Curie-Weiss law χ(T ) = χ 0 + C/(T − Θ) are shown with the broken curves in Fig. 5 . From the fittings, we obtain the Curie constant (C ) and the Weiss tempera- In an earlier study, it is proposed that samples with broad magnetic transitions at T d are accompanied by a dimer decoherent configuration, namely dimer patterns breaking the long-range ordered configuration [10] . Such dimer decoherent configuration results in nondimerized Ru ions with finite spin. To examine the number of such nondimerized ions, we assume that they exhibit S = 1 and S = 3/2 for the S-phase and D-phase, respectively, and that they can be treated as nearly free spins. From the Curie-Weiss fitting described above, the quantity of nondimerized ions is 0.039% for the x = 0 sample and 0.33% for the x ≈ 0.73 sample. It is important to note that the obtained number of nondimerized ions in the x ≈ 0.73 sample is much smaller than the number of vacancies of lithium, or equivalently the number of Ru ions. This fact indicates that most of the Ru ions form dimers even in the D-phase. Figures 6(a) and (b) compare the low-temperature susceptibilities for the x = 0 and x ≈ 0.73 samples. It is noticeable in Fig. 6(b) that the sample with x ≈ 0.73 at low fields exhibits magnetic hysteresis below 12 K. Since the Weiss temperature Θ is negative, this hysteresis is probably due to magnetic ordering with antiferromagnetic interactions. No trace of superconductivity was found by AC susceptibility measurements using an adibatic demagnetization refrigerator [28] or transport measurements down to 0.1 K. ions proposed in Ref. [12] . B is the bond order defined by Eq. (3).
C. Electronic configuration of dimers
According to the outcome of the last section, the Dphase is dominated by Ru-Ru dimers. In this section, we discuss the electronic configuration of these dimers and their correlation with the crystalline structure.
We first discuss the probable valency of Ru ions in the D-phase. It has been demonstrated by X-ray photoemission spectroscopy, Mössbauer spectroscopy, electronic paramagnetic resonance measurements, and DFT calculations, that the deintercalation of lithium from Li 2 RuO 3 leads to the valence change from Ru 4+ to Ru 5+ . In higher x range than x = 1, where Ru ions are fully oxidized to pentavalent, it is revealed that further delithiation induces loss of oxygen, presence of peroxides (O 2− 2 ), and oxidation of Ru 5+ into Ru 6+ ions [18] [19] [20] . Thus, in the sample of the present study with x ≈ 0.73, the ratio of the amount of Ru 5+ among the total Ru ions would be similar to this x value and the others remain Ru 4+ . In other words the valency of the sample can be approximately expressed as Li 2-x Ru
For the S-phase, it is expected that the magnetization is governed by the Ru 4+ (4d 4 ) ion. The origin of the decrease of the magnetization below T d has been attributed to the formation of dimers with molecular orbitals (MOs) with S ≈ 0 [29] . In contrast, the greater magnetization above T d has been explained by the partial breakdown of MOs. In the dimer-liquid state above T d , the Ru 4d orbitals keep the MO formed only by the σ bonds, leading to dynamic dimers [12] .
Since the Curie-Weiss analysis indicates that most of the Ru ions form dimers with S = 0 even in Li 2−x RuO 3 , there are three possible electronic configurations of the dimers in the dimer-solid state as depicted in Fig. 7 . The configuration in panel (a) is what already proposed for the S-phase (Refs. [9, 12, 29] Fig.7(b) ]. The T d where MOs of Li 2 RuO 3 break has been demonstrated to depend on the dimer coherence configuration [10] . Thus, similar to the S-phase, the enhancement of magnetization in the D-phase at ∼ 539 K (Fig. III B) is probably related to the breaking of MOs of the Ru 4+ -Ru 4+ dimers. In the context of the linear combination of atomic orbitals, the bond lengths L of different dimer configurations can be estimated in terms of the quantity called the bond order B, which is evaluated as
where n b and n a are the numbers of electrons in the bonding and antibonding states, respectively. In Fig. 7 the values of B of the possible electronic configurations are shown. Pauling found an empirical relation between B and the bond length L [30, 31] :
where the value of f depends on the atoms and L 0 is the bond length for B = 1. Later this relation was derived from the Friedel model [32] . In order to evaluate the constant f, we use the value of the bond length of the dimer-liquid state of the S-phase (L 0 = 2.68Å) [12] , where only the σ-MO is occupied i.e. B = 1 [ Fig. 7(d) ]. We also use the bond lengths of the short bond in the dimer-solid state of the S-phase (L = 2.58Å) where the σ, π, δ, and δ * MOs are occupied i.e. B = 2 [ Fig. 7(a) ]. From these values, we obtain f = 0.332Å. By using these values we estimate the length of the Ru 5+ -Ru 5+ bond in the dimer-solid state to be L = 2.52Å.
Since in the dimer-solid state of the x ≈ 0.73 sample, around 73% of the dimers are formed by Ru 5+ -Ru 5+ ions and the rest by by Ru 4+ -Ru 4+ ions, the average length of the short bonds is expected to be 2.56Å if we assume that the dimers are all located in the L 2 bonds. This is 0.04Å shorter than the dimer entirely formed between Ru 4+ and Ru 4+ ions in the S-phase. On the other hand, the observations for the sum of the bond lengths (L T = L 1 + L 2 + L 3 ) of the D-phase (L T =8.592Å) is 0.074Å shorter than that of the S-phase (L T =8.666Å). The excess of shrinkage of L T maybe due to the difference in ionic size between Ru 4+ (r = 0.62Å) and Ru 5+ (r = 0.565Å) [33] in the nondimer bonds, although covalency needs to be considered. The reduced difference between short and long bonds in the D-phase suggests that some dimers are distributed in L 1 and L 3 as well.
IV. CONCLUSION
We successfully synthesized the delithiated phase Li 2−x RuO 3 , the D-phase, with structures distinct from the stoichiometric Li 2 RuO 3 , the S-phase. For the first time, we identify the magnetic properties of the D-phase. We found that the Ru ions also form dimers as in the S-phase. There should be two kinds of dimers in the D-phase: Ru 4+ -Ru 4+ dimers as in the S-phase and additional Ru 5+ -Ru 5+ dimers. The latter should have a new molecular orbital configuration, in which no electrons occupy antibonding states. We find that above T ≈ 539 K the D-phase exhibits a strong linear increase in the susceptibility. In analogy to the S-phase, this magnetic feature is most likely associated with the change from the dimer-solid to dimer-liquid states. Structural and magnetic properties indicate that the dimers in the dimersolid state are located not only in the L 2 bonds but also in the L 1 and L 3 bonds. Such dimer distribution may lead to the observed superlattice structure. 
